Statins (inhibitors of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase) are a group of drugs used to treat lipid disorders. They inhibit cholesterol synthesis at an early stage of the biosynthesis pathway, thus eliminating numerous metabolites involved in the cycle. Numerous studies point to different possible effects of statins on cancer cells. Statins inhibit growth of a tumor, invasion and metastasis formation. They block the production of isoprenoids, which are necessary for post-translational modifications of many proteins, including those involved in normal cell signaling. They also contribute to the reduction in the expression of vascular endothelial growth factor, sensitize tumor cells to NK cell activity, and modify the body inflammatory response. Due to different pharmacokinetic properties of individual statins, they may have opposite effects on the risk of cancer. Currently, most information on the effects of statins on the risk of developing cancer is obtained from observational studies. The studies have different results depending on the location of cancer. The protective effect of statins was observed in the meta-analysis of numerous studies including prostate cancer, stomach cancer, esophagus cancer, and hepatocellular carcinoma; however, it has not yet been confirmed that statins influence the risk of developing colorectal cancer, breast cancer, or lung cancer. The protective effect of statins on the development of many kinds of cancer can be a valuable and easy way to reduce morbidity. However, further research is necessary to thoroughly determine the value of this group of drugs.
Introduction
Inhibitors of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCoA), known as statins, are a commonly used and well-tolerated class of drugs for the treatment of lipid disorders, in particular hypercholesterolemia. Their effectiveness in preventing the development of cardiovascular diseases means that statins are among the most widely used drugs [1, 2] .
Current results also indicate their protective effect on the development of various types of cancer -the authors also reported a variety of target points at the molecular level. The protective effect of statins reported in many current papers offers a potentially valuable contribution to modern medicine. This paper is intended to outline the current state of knowledge concerning the potential mechanisms of action of statins on cases of malignant cancer, as well as to present conclusions of clinical research that encourage further exploration. Due to a huge amount of observational studies, the results presented in this paper will be restricted to the presentation of the results of the latest cohort studies and meta-analysis concerning the relation between statin use and prostate cancer, colorectal cancer, lung cancer and breast cancer development.
The mechanism of action of statins and cancer
Statins inhibit HMG-CoA conversion to a precursor of sterols, mevalonate. Since mevalonate production takes place at an early stage of the cholesterol synthesis pathway, statins also inhibit the synthesis of a number of other metabolites. In this mechanism the production of isoprenoids, which serve as a substrate for post-translational modifications of many proteins, including farnesyl pyrophosphate and geranylgeranyl pyrophosphate, is blocked ( Fig. 1) [3] .
Many products of the mevalonate synthesis pathway are also essential for other critical cellular functions such as cell membrane integrity and protein synthesis, and the interference in these processes initiated by statins may influence the growth and development of cancer cells [4] .
The isoprenoids are responsible for prenylation of Ras and Rho proteins and are necessary for their translocation to the plasma membrane, which is required for intracellular signaling [5] . The GTPases play an important role in cellular processes such as apoptosis, phagocytosis, vascular trafficking, cellular proliferation and transmigration, cytoskeleton dynamics, and recruitment of inflammatory cells. This inactivation of the small GTPases (Rho, Racs, Rac and Cdc24) may be responsible for the observed effects of statins and their effect on the proliferation, mortality and invasiveness of cancer cells (Fig. 1) [3] .
The inhibition of an invasion is mediated by inactivation of RhoA, a protein belonging to the family of Rho proteins that regulates changes of actin cytoskeleton during cell movement and activates cell contraction. Statin-induced apoptosis is mainly caused by inhibition of geranylgeranylated proteins [3] , but it is also currently suggested that the proapoptotic effect results from activation of proteins of the Bcl-2 family [6] .
Inhibition of ROS (reactive oxygen species) production by the suppression of Rec1/NADPH oxidase activity and by influencing the activity of GPx (glutathione peroxidase) and catalase helps to reduce the expression of vascular endothelial growth factor (VEGF), and consequently can inhibit angiogenesis, for example in non-small cell lung cancer [7] .
Tests on two human melanoma cell lines revealed that statins increase the expression of protein A related to MHC class I chain (MICA), which makes these cells more sensitive to NK cells [8] .
Recently attention was drawn to the possible potential suppressive effect of statins on tumor growth by inhibiting matrix metalloproteinases (matrixins -MMPs). MMPs can degrade extracellular matrix components involved in such processes as growth of a tumor, invasion or metastasis formation [4] . There is increasing evidence that MMPs have both protumorigenic as well as antitumorigenic functions, depending on the stage of the disease, the patient's genotype and, above all, the type of MMPs [9] . In particular, MMP-2 and MMP-9, expressed by cells of various malignant tumors, are closely related to invasive and metastatic properties of the cells, and also play a critical role in the degradation of type IV collagen [10] . Recent studies have shown that several members of this family, including MMP8, MMP12, and MMP26, provide a protective effect in different stages of cancer progression. For instance, MMP8 is a protease that is mainly produced by neutrophils and is associated with inflammatory conditions. The results of several studies indicate that MMP8 is an important tumor-protective factor with the ability to influence both the primary tumor growth and the metastatic potential of malignant cells [11] . Among implied mechanisms of action, it is mentioned, inter alia, that statins may reduce the MMP-2 and MMP-9 gene transcription and inhibit peripheral blood mononuclear cell proliferation by lowering the release of inactive MMP proforms [9] . Statins have pleiotropic effects on cell survival, cell adhesion, migration, proliferation [12] , immunoregulation, antioxidant activity, endothelial function, and angiogenesis, and they can also reduce the activation of the blood coagulating cascade [13] .
Statins also have indirect anti-inflammatory properties by affecting C-reactive protein (CRP) [14] , IL-6, IL-8 [15] , IL-1β, IL-12, tumor necrosis factor α (TNF-α) [16] , and nuclear factor κB (NF-κB) [3] .
The antiproliferative effect is obtained, among other methods, by blocking the transition from G1 to S in the cell cycle [17] . The radiation sensitizing effect is most likely caused by the retention of cells in the late G1 phase of a cell cycle [18] .
In a multiple cell model, statins were found to significantly increase the level of regulatory T cells in vivo and in vitro by inducing transcription factor Foxp3. The immunomodulatory effect of statins may reduce the host's anticancer response by modulating the activity of T lymphocytes [19] .
Some authors question the assumption that the main anticancer effect of statins is their inhibitory effect on the production of isoprenoid in cancer cells. They assume that statin treatment inhibits HMG-CoA reductase mainly in the liver, but not in the cells of solid tumors situated outside the liver. Anti-tumor activity in peripheral tissues is believed to be developed indirectly and results from a systemic decrease in low-density lipoprotein (LDL) [20] . It is a fact that statins are selectively taken up by the liver and not more than 5% of the administered dose reaches the circulatory system. This selective hepatic uptake and low peripheral availability casts doubt on the potential protective effect of statins. Observations confirm that men with low levels of serum cholesterol have a lower risk of developing advanced prostate cancer [21] . Many studies performed in vitro indicate a direct effect of statins on the cell cycle, intra-and intercell signaling processes and cell apoptosis. This fact may suggest that the anticancer effect of statins is a much more complex phenomenon and not only a result of their cholesterol-lowering effect [3] . As in studies on multiple cell lines, the statins were administered in concentrations higher than in clinical practice so it is difficult to assess the actual impact on the process of carcinogenesis in the human body.
The levels of serum esterase in human blood are low, so the prodrug statins accumulate easily in extrahepatic tissues, increasing its peripheral bioavailability. In spite of the fact that statin therapy inhibits 3-hydroxy-3-methylglutaryl-CoA reductase primarily in the liver, it is also possible that in selected anatomic sites the pleiotropic effects of statins may modulate "cholesterol-sensitive" pathways of cancer cells [9] . The final word on whether the antitumor effect of statins results from a reduction in serum cholesterol or has a direct effect on tumor cells requires further studies.
Currently on the market there are seven classes of medicines: lovastatin, simvastatin, fluvastatin, pravastatin, atorvastatin, rosuvastatin and pitavastatin (the last one still not registered in Poland). The differences in the pharmacokinetic properties of hydrophilic statins (e.g., pravastatin) compared to hydrophobic ones (e.g. lovastatin, simvastatin) may affect the risk of developing cancer in the opposite way [4] . The differences in the hydrophilic properties of statins may explain the increase in the risk of developing cancer among patients taking pravastatin in two large randomized controlled trials (RCTs) [4] . Fluvastatin presents indirect pharmacokinetic properties. Several RCTs dealing with the use of statins and coronary heart disease have reported incidental cases of developing cancer, but most of these results were ambiguous due to their low statistical power. In one study, however, pravastatin was associated with an increased risk of developing breast cancer, and, in another one, generally with an increased risk of cancer concerning especially cancers originating from the gastrointestinal tract. However, there was not any other large and credible randomized controlled trial proving an increased risk of developing cancer [4] .
Clinical research
Most information on the potential impact of statins on cancer was obtained from observational studies, which due to their scope are essential for pharmacoepidemiology but do not take into account numerous factors that could distort the results. One should bear in mind the fact that people taking statins at the same time are often treated with medication due to diseases of the cardiovascular system (e.g. acetylsalicylic acid). They are usually elderly, with a higher BMI, incorrect feeding, a sedentary lifestyle, and also people in this group are relatively more frequently dependent on tobacco. The above-mentioned factors also influence the chance of developing cancer to a different degree. The majority of research focuses on assessing the risk of developing cancer among patients taking statins.
A recently published paper concludes that statins improve survival among patients with cancer. Nielsen et al. [22] On the basis of the newest papers concerning the association between statins use and cancer, the authors will try to present the impact of statins on the risk of developing different forms of neoplasms, survival and recurrence rate. Nowadays, most available publications are focused on the risk of morbidity, which is why such results will dominate this paper.
Statins and prostate cancer
Currently a huge number of clinical studies evaluating the effect of statins on the development of a variety of solid tumors are being conducted worldwide. A lot of attention is also being given to prostate cancer. Prostate cancer is the second most common cancer in men in Poland.
The prostate gland synthesizes large amounts of cholesterol, most likely due to androgens, for which the prostate is the target organ. Androgens stimulate lipogenesis in prostate cells by increasing transcription of genes such as those encoding FAS (fatty acid synthase), and HMG-CoA reductase [23] . In another study, over 300 androgen-dependent transcripts were identified, which mainly encode proteins involved in lipid metabolism [24] .
While looking for evidence of the association between statins and a reduced risk of prostate cancer, D. Bansal et al. conducted a meta-analysis which included 27 (15 cohort and 12 case-control) studies. Statin therapy significantly reduced the risk of total prostate cancer incidence (risk of total PCa) by 7% (RR 0.93, 95% CI: 0.87-0.99, p = 0.03) and clinically important advanced prostate cancer by 20% (RR 0.80, 95% CI: 0.70-0.90, p < 0.001). Long-term use of statins had no significant effect on the risk of morbidity (RR 0.94, 95% CI: 0.84-1.05, p = 0.31). The aforementioned meta-analysis provided evidence supporting the hypothesis that statins reduced the risk of prostate cancer [25] .
Murtola et al. [26] presented data on the effects of individual drugs from the group of statins. While analyzing a large group (24 723 cases), the authors observed a significant reduction in the risk of developing advanced prostate cancer among patients taking atorvastatin, lovastatin and simvastatin. The researchers found that other cholesterol-lowering drugs (mostly fibrates) appeared to reduce the risk of advanced prostate cancer, but these results are not statistically significant due to the limited length of their clinical trial.
Tan et al. [27] analyzed data from 4204 patients (3182 not on statins and 1022 on statins). Statin use was associated with a decreased risk of prostate cancer, less frequent high-grade prostate cancer, and, in general, a lower volume of prostate cancer.
Yu O et al. [28] analyzed a cohort of 11,772 men on whether the use of statins after prostate cancer diagnosis was associated with a decreased risk of cancer-related mortality and all-cause mortality. The results indicated that postdiagnostic use of statins was associated with a decreased risk of prostate cancer mortality (HR, 0.76; 95% CI: 0.66-0.88) and all-cause mortality (HR, 0.86; 95% CI: 0.78-0.95). However, this effect was stronger in patients who also used statins before diagnosis.
According to Soto DE research [29] , statin use did not affect progression-free survival (PFS) after radiotherapy for prostate cancer. It is worth noting that T stage, baseline prostate-specific antigen level, and Gleason score were critical determinants of prostate-specific antigen failure. These results did not differ when hydrophilic pravastatin was excluded.
Allott et al. [30] investigated the effect of postoperative statin use on biochemical recurrence (BCR) in prostate cancer patients treated with radical prostatectomy (RP) who never used statins before surgery. In this retrospective cohort study of 1,146 RP patients, postoperative statin use was significantly associated with 36% reduced risk of BCR (HR 0.64; 95% CI: 0.47-0.87; p = 0.004). The fact is that only randomized controlled trials are warranted to formally test the hypothesis that statins slowed prostate cancer progression; therefore we have to wait for the final results.
On the other hand, according to the research of Chao et al. [31] , statin use may not prevent prostate cancer progression following radical prostatectomy (Table I) . Results of the meta-analysis by Scosyrev et al. [32] did not show significant differences between treatment groups (Table 1) .
Statins and gastrointestinal cancers
Singh et al. conducted a meta-analysis of 11 studies (8 observational, 3 post-hoc analyses of 26 clinical trials) which included 5581 cases of gastric cancer. Their study showed a significant 32% reduction in the risk of gastric cancer among patients taking statins (adjusted OR, 0.68, 95% CI: 0.51-0.91). The study indicated a protective effect of statins on the risk of gastric cancer in both Asian and Western populations [33] . The researchers also conducted a meta-analysis of the studies investigating the effect of statins on the risk of developing esophagus cancer, with particular focus on patients diagnosed with Barrett's esophagus and hepatocellular carcinoma. A significant reduction in the risk of developing these kinds of cancer among patients taking statins was observed in both studies. In the case of esophagus cancer the reduction of risk reached 28% (adjusted OR, 0.72, 95% CI: 0.60-0.86) (conclusions from 13 studies), and in the case of hepatocellular carcinoma a reduction in the risk of developing it was also observed (adjusted OR, 0.63, 95% CI: 0.52-0.76) wherein the results concern a heterogeneous group. A clearer correlation was observed in the Asian population [34, 35] .
Colon and rectal cancers are among the most common malignant cancers in Poland and abroad. It is not surprising that many researchers have started analyzing the impact of commonly used statins on the development of these cancers.
Duijnhoven et al. [36] analyzed the test results of participants of the European project concerning links between diet and the risk of malignant cancer (European Prospective Investigation into Cancer and Nutrition, EPIC). Observation of the data concerning 520,000 people, including 1,238 patients with colon and rectal cancer, showed a link between high levels of high-density lipoprotein (HDL) and a decrease in the risk of developing colon cancer. The mechanism conditioning this relationship is uncertain, but the result suggests a link between the incidence of colon cancer and lipid abnormalities. The review of cohort studies showed different results generally; cohort studies revealed no significant effect on the risk of colon cancer among the patients taking statins [37] . Similar results were obtained in seven case-control studies [4] . However, two large observational studies reported a reduction in the risk of colon and rectum cancer by 35-43% among patients taking statins in comparison to those not taking these drugs [38, 39] . It should be kept in mind, however, that colon cancer risk is, to a large extent, influenced by external factors (such as diet, physical activity, other medicines, screening) which may not have been taken into account in observational studies.
Lee et al. [40] reported that current statin use compared with non-users was not associated with colorectal cancer or colon cancer, but was associated with rectal cancer (Table 2) . Recent clinical studies suggest that there are differences in response to statin use between colon and rectal cancer. For instance, we present studies which extract these two types of cancer. By contrast, 407 patients with primary rectal adenocarcinoma who underwent neoadjuvant therapy, then proctectomy, were included in a retrospective cohort study based on data from a prospectively maintained colorectal cancer database. The 2 cohorts were defined by statin use during neoadjuvant chemoradiation. Ninety-nine patients (24.3%) took a statin throughout the entire course of neoadjuvant therapy. Patients in the statin cohort were more likely to have a better response than those not taking a statin (65.7% vs. 48.7%, p = 0.004). According to these data, statin therapy is associated with an improved response of rectal cancer to neoadjuvant chemoradiation [44] .
** OR -odds ratio; RR -relative risk; HR -hazard ratio; CI -confidence interval; relative to non-users of statin
In vitro data also support a role for statins as adjuncts to chemotherapy in colorectal cancer. Simvastatin may overcome resistance to epidermal growth factor receptor inhibition with cetuximab in KRAS-mutated colon cancer cells and lovastatin has been shown to enhance chemosensitivity to 5-fluorouracil [13] .
The latest research has shown the existence of a genetic polymorphism in the gene of HMG-CoA reductase (HMGCR). This phenomenon concerns one nucleotide, and is associated with the occurrence of genotype A/A and T/T. In colon cancer cell lines, the reduction in cholesterol level after statin treatment was substantially stronger in cells carrying the A/A genotype [45] .
Statins and other most-frequent cancers
A meta-analysis conducted by Tan et al. analyzed the results of 19 studies and showed no relationship between taking statins and the reduction in the risk of lung cancer. No correlation was observed among randomized controlled trials (RR 0.91; 95% CI: 0.76-1.09) cohort studies (RR 0.94; 95% CI: 0.82-1.07), or case-control studies (RR 0.82; 95% CI: 0.57-1.16) [46] .
A study conducted by Leigh et al. [47] did not show a significant association between statin use and brain metastases from lung cancer (Table 3) .
According to Stavrou et al. [48] , discontinuation of statin therapy in cancer patients was associated with regionalized and distant disease spread ( Table 3 ). The results of the meta-analysis by Tan et al. [49] suggest that there is no association between statin use and the risk of lung cancer ( Table 3) .
The impact of statins on the risk of developing breast cancer has not been clearly confirmed yet. Undela et al. conducted a large meta-analysis including 24 studies (including 13 cohort studies and 11 case-control) which researched more than 2.4 million participants (including 76,759 cases of breast cancer). The use of statins did not significantly affect the risk of breast cancer (RR = 0.99, 95% CI: 0.94-1.04). The length of treatment with statins was taken into account in this study. Long-term treatment did not significantly affect the risk of developing breast cancer (RR = 1.03, 95% CI: 0.96) [50] .
In turn, the case-control study conducted by McDougall et al. [51] showed that long-term use of statins was associated with increased risks of invasive lobular carcinoma and ductal carcinoma (Table 4) .
Despite conflicting results, it appears that statins have a positive effect on the histological subtype of breast cancer by increasing the percentage of lower staging and grading [52] .
Because of suggestions that statins have anti-inflammatory properties and anti-tumor effects, Brewer et al. [53] reviewed 723 patients diagnosed with primary inflammatory breast cancer to test the effect of statins on Nickels et al. [54] analyzed data coming from a German prospective cohort study (MARIE plus) concerning 3189 patients over 50 years of age, diagnosed with breast cancer. Self-reported use of lipid-lowering drugs (mostly statins) was non-significantly associated with increased overall mortality (HR 1.21 95% CI: 0.87-1.69) but no association with breast cancer-specific mortality was found (HR 1.04, CI: 0.67-1.60). Statins were non-significantly associated with reduced risk of breast cancer recurrence (HR 0.83, 95% CI: 0.54-1.24). These findings support the previous ones of an improved prognosis associated with statin use in the case of breast cancer.
Ahern et al. [55] found that simvastatin was associated with a reduced risk for breast cancer recurrence, whereas no association between hydrophilic statin use and breast cancer recurrence was observed (Table 4 ).
In conclusion, statins are a widely used group of drugs for heart disease; however, cardiovascular disease and cancer are the two main causes of death worldwide. Each year we learn more and more about the potential mechanisms of action of statins; nevertheless, the subject has not yet been exhausted and needs further investigation. A multitude of studies and results confirms, with growing certainty, the beneficial effect of statins on the risks of cancer and even a decrease in the mortality associated with cancer. So far the exposure to statins was linked both with cancer cases in general and certain types of cancer specifically.
Thanks to these positive reports the number of large, reliable studies that present the full value of statins for primary and secondary prevention, as well as their potential value as part of cancer therapy, will increase. Undoubtedly, the relationship between the mechanism of action of statins and their impact on the development of cancer is complex and requires further observation.
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